Introduction
============

Breast cancer (BC) is the most common malignancy among females worldwide, accounting for \>30% of all malignant tumors in this population group ([@b1-ijmm-45-06-1838]). However, the molecular mechanisms underlying BC pathogenesis have yet to be fully elucidated. To date, multiple genetic and epigenetic modifications have been associated with BC, including the activation of oncogenes such as MYC proto-oncogene, BHLH transcription factor (c-Myc), Erb-B2 receptor tyrosine kinase 2 and cyclin D1 ([@b2-ijmm-45-06-1838]-[@b4-ijmm-45-06-1838]), and the alteration or deletion of tumor suppressor genes such as tumor protein P53 and cadherin 1 ([@b5-ijmm-45-06-1838],[@b6-ijmm-45-06-1838]). The initiation and progression of BC are associated with oncogenic activation, loss of checkpoint dominance tumor suppressor behaviors, and growth maintained by relevant factors and steroids ([@b7-ijmm-45-06-1838]-[@b9-ijmm-45-06-1838]). Surgery, chemoradiotherapy, hormone therapy and targeted agents are the currently available treatment options for BC, but the tumor-associated mortality rate remains high, primarily due to recurrence and metastasis ([@b10-ijmm-45-06-1838]). Among these therapeutic strategies, chemotherapy is one of the main options and may be administered irrespective of the type or stage of BC ([@b11-ijmm-45-06-1838]); however, the formation of chemotherapy-resistant cancer cells and the toxicity of chemotherapeutic drugs restricts its use ([@b12-ijmm-45-06-1838]). Consequently, BC treatment represents a challenge in clinical settings, which necessitates the identification of new patient-specific biomarkers.

Cisplatin, a common chemotherapeutic drug, is a drug often used to treat metastatic BC that exerts its effects by inducing the formation of interstrand crosslinks between DNA chains ([@b13-ijmm-45-06-1838],[@b14-ijmm-45-06-1838]). Briefly, cisplatin can bind with DNA in rapidly proliferating BC cells, and the generation of the DNA-cisplatin complexes inhibits DNA replication or transcription and induces DNA injury, resulting in cell death ([@b15-ijmm-45-06-1838],[@b16-ijmm-45-06-1838]). Due to its high treatment efficiency and low cost, cisplatin is commonly used for BC chemotherapy. However, the application of this drug is limited due to its toxic effects on the kidneys, auditory nerves and bone marrow ([@b17-ijmm-45-06-1838]). Unfortunately, a considerable proportion of patients ultimately develop cisplatin resistance, resulting in tumor recurrence and a restriction of its clinical effectiveness ([@b18-ijmm-45-06-1838]). Therefore, it is crucial to elucidate the mechanisms underlying cisplatin resistance and to resolve this issue.

The Wnt/β-catenin pathway serves a pivotal role in BC and its aberrant modulation facilitates tumor formation and progression ([@b19-ijmm-45-06-1838],[@b20-ijmm-45-06-1838]). Several key controllers of this pathway, such as Wnt family member 10B, glycogen synthase kinase 3β and secreted frizzled-related protein 5, are abnormally regulated in BC, and are involved in the transduction of Wnt signals to β-catenin and stimulation of downstream effector genes ([@b21-ijmm-45-06-1838]). However, the data regarding the involvement of cisplatin in the Wnt/β-catenin pathway have been inconsistent. This pathway was highly promoted by cisplatin in a rat model of cisplatin-induced renal injury ([@b22-ijmm-45-06-1838]). Cisplatin suppressed the division, movement and spread of nasopharyngeal carcinoma cells *in vitro* by inhibiting the Wnt/β-catenin/endothelin-1 axis via stimulating B-cell translocation gene 1 ([@b23-ijmm-45-06-1838]). The Wnt/β-catenin pathway partially caused cisplatin resistance in ovarian cancer, but interfering with the expression of β-catenin reversed cisplatin resistance *in vitro* and *in vivo*, suggesting that β-catenin may be a target for the treatment of cisplatin-resistant ovarian cancer ([@b24-ijmm-45-06-1838]). However, the exact role of the β-catenin pathway in cisplatin-treated BC remains unknown.

In the present study, in order to explore the effect of the β-catenin pathway on the antitumor effect of cisplatin in BC, the expression of β-catenin was suppressed using small interfering RNA (siRNA) interference, and the apoptotic, migratory and invasive capabilities of BC cells following cisplatin treatment were analyzed.

Materials and methods
=====================

Cell line culture
-----------------

The normal breast MCF-10A cell line and the BC MDA-MB-468, T47D and MCF-7 cell lines (Cell Bank of Type Culture Collection of Chinese Academy of Sciences, Shanghai Institute of Biochemistry and Cell Biology) were cultured in Dulbecco\'s modified Eagle\'s medium supplemented with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml penicillin at 37°C in a humidified incubator with 5% CO~2~.

Reagents
--------

Cisplatin (purity \~95%) was provided by Sigma-Aldrich; Merck KGaA. Cisplatin solutions were freshly prepared in PBS at concentrations of 0, 20, 40, 80 and 160 nM, and filtered through 0.2-*µ*m membranes prior to use.

Clinical samples of patients
----------------------------

A total of 32 paired clinical surgical samples (BC and adjacent normal tissues) were obtained from patients with BC undergoing surgery resection between March 2017 and June 2018 at The Affiliated Hospital of Southwest Medical University (Luzhou, China). None of the patients had received chemo- or radiotherapy. The mean age of the patients was 63.5 years (range, 42-78 years). Once the samples were obtained, adjacent non-cancerous tissues were separated from BC cancer tissues and were rapidly frozen and maintained at −80°C until use. Adjacent non-cancerous tissues were taken \>1 cm away from the BC tissues and dissected by pathomorphologists. The study protocol was approved by the Ethics Committee of The Affiliated Hospital of Southwest Medical University. All participants provided written informed consent for their tissues to be used for research purposes. Patient information is summarized in [Table I](#tI-ijmm-45-06-1838){ref-type="table"}.

Immunohistochemistry (IHC)
--------------------------

BC and adjacent non-cancerous tissue sections were routinely fixed in 10% neutral buffered formalin at 37°C for 4 h, embedded in paraffin, dewaxed for 5 min at 37°C, rehydrated with 80% absolute ethanol at 37°C for 10 min, and placed in a 10 mmol/l citrate solution (pH 6.0). The sections were heated in a microwave twice for 5 min each time, treated with 3% H~2~O~2~ for 8 min at room temperature, washed with PBS, blocked with 10% normal goat serum (cat. no. C0265; Beyotime Institute of Biotechnology) for 30 min and then incubated with a pure anti-β-catenin primary antibody (cat. no. 17565-1-AP; 1:200; ProteinTech Group, Inc.) at 4°C over-night. The sections were then incubated with biotin-conjugated AffiniPure goat anti-rabbit IgG (H+L) (cat. no. SA00004-2; 1:6,000; ProteinTech Group, Inc.). Horseradish peroxidase (cat. no. A0208; Beyotime Institute of Biotechnology) was added at 37°C for 20 min, followed by sealing with DAB solution (cat. no. P0203; Beyotime Institute of Biotechnology) for 5 min at room temperature. The sections were then stained with hematoxylin (cat. no. C0107; Beyotime Institute of Biotechnology) for 5 min at 37°C and observed under a CKX53 4000K LED light inverted non-confocal microscope (magnification, ×200; Olympus Corporation). Immunostaining was analyzed with a Nikon Eclipse TI SR light microscope (Nikon Corporation) at magnification, ×200. Then, 2 independent diagnosticians calculated the semi-quantitative immunoreactivity score (IRS), according to a staining intensity scale: No staining, 0; weak staining, 1; moderate staining, 2; and strong staining, 3; and the number of stained cells: 0, 0; 1-25, 1; 26-50, 2; 51-75, 3; and 76-100%, 4. The final IRS ranged from 0 to 12, and was determined by multiplying the intensity scores with the percent of positively stained cells, as described previously ([@b25-ijmm-45-06-1838]).

Cell transfection for β-catenin knockdown
-----------------------------------------

Briefly, T47D and MCF-7 cells (5×10^4^/well) were collected and seeded in a 6-well plate. Once the cells reached 95% confluence, they were trans-fected with a SignalSilence^®^ β-catenin siRNA II (siR-β-catenin; cat. no. 6238; Cell Signaling Technology, Inc.) or unconjugated SignalSilence^®^ control siRNA (cat no. 6568; Cell Signaling Technology, Inc.) with Lipofectamine 2000™ (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. The final concentration of siRNA was 100 nmol/l. The sequences of siRNA were as follows: β-catenin siRNA forward, 5′-UGG UUG CCU UGC UCA ACA A-3′ and reverse, 5′-ACC AAC GGA ACG AGU UGU U-3′; and control siRNA forward, 5′-CGG UUA ACC UGC UAG AU-3′ and reverse, 5′-UGG CAU ACG GUA UCU AG-3′. At 24 h post-transfection, the cells were collected for subsequent analyses.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
----------------------------------------------------------------------

Total RNA was isolated using an RNAiso Plus reagent (Takara Biotechnology Co., Ltd.). Following measurement of RNA content, cDNA was prepared with a reverse transcription kit (Takara Biotechnology Co., Ltd.). The RT-qPCR was conducted using the SYBR Green Master Mix kit (Takara Biotechnology Co., Ltd.) in a 7500 RT-PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.), with β-actin as the internal control. The thermocycling conditions were as follows: 94°C for 2 min; 35 cycles of 94°C for 20 sec, 56°C for 30 sec, 72°C for 25 sec; and extension at 72°C for 5 min. Non-specific amplification was monitored with melting curves. The forward and reverse primers were as follows: β-catenin forward, 5′-CTG CAG GGG TCC TCT GTG-3′; β-catenin reverse, 5′-TGC ATA TGT CGC CAC ACC-3′; β-actin forward, 5′-TGG TGG GTA TGG GTC AGA AGG AC TC-3′; and β-actin reverse, 5′-CAT GGC TGG GGT GTT GAA GGT CTC A-3′. The relative expression was calculated using the 2^-ΔΔCq^ method ([@b26-ijmm-45-06-1838]).

Cell viability analysis
-----------------------

The viability of T47D and MCF-7 cells was determined using a Cell Counting Kit-8 (CCK-8; cat. no. C0037; Beyotime Institute of Biotechnology). T47D and MCF-7 cells (5×10^4^) with or without siR-β-catenin transfection or cisplatin treatment (0, 20, 40, 80 and 160 nM) were seeded in a 96-well plate for 24 h and grown in a normal medium. Subsequently, 10 *µ*l CCK-8 assay solution was added to each well for 24 h, and the cells were cultured for 2 h, following the manufacturer\'s protocol. The relative count of living cells was determined by detecting the absorbance at 450 nm. All conditions were examined in triplicate.

Migration and invasion assays
-----------------------------

T47D and MCF-7 cells (5×10^4^) transfected with or without siR-β-catenin or treated with 80 nM cisplatin in 200 *µ*l serum-free medium were added to the upper chamber of the Transwell plate. For the invasion assays, the membranes were with Matrigel (BD Biosciences) at 37°C for 4 h, while 700 *µ*l base medium containing 10% FBS was added to the lower chamber. After 24 h, the upper surface of the membrane was gently wiped with cotton swabs to remove cells that had not migrated/invaded through the membrane, whereas the migrating/invading cells on the lower surface of the membrane were fixed in 75% methanol for 15 min at room temperature and stained with 0.1% crystal violet solution (cat. no. C0121; Beyotime Institute of Biotechnology) at 37°C for 15 min. Following three washes observed using an inverted fluorescence microscope with PBS at room temperature, the cells were (magnification, ×100). A total of 5 fields were randomly selected, and the mean cell count of the 5 fields was used for quantitative analysis. The experiment was repeated three times.

Analysis of CD44 antigen (CD44) and intercellular adhesion molecule 1 (CD54) by flow cytometry
----------------------------------------------------------------------------------------------

After 24 h of siR-β-catenin or 80 nM cisplatin treatment, the T47D and MCF-7 cells (5×10^5^) were collected and washed twice with PBS containing 0.2% BSA (cat. no. ST023; Beyotime Institute of Biotechnology). The cells were stained with phycoerythrin-labeled mono-clonal CD44 (cat. no. MAB6127; 1:200; R&D Systems, Inc.) or allophycocyanin-labeled CD54 (cat. no. BBA20; 1:300; R&D Systems, Inc.) antibodies or the isotype controls (cat. no. MAB0031; 1:200; R&D Systems, Inc.) at 37°C for 30 min, rinsed twice with PBS and fixed in 10% (v/v) formaldehyde and PBS at 37°C for 25 min. Then, the cells were sorted and observed using a BD FACSCalibur 4-color flow cytometer (BD Biosciences). Statistical analysis was performed using FlowJo 7.6 (FlowJo LLC). Fluorescence intensity and positivity ratio were determined by subtracting the data of the isotype controls.

Cell cycle distribution and apoptosis assessment
------------------------------------------------

The cycle distribution of T47D and MCF-7 cells (5×10^5^) treated with siR-β-catenin or cisplatin (80 nM) was monitored with a cell cycle assay kit (cat. no. C1052; Beyotime Institute of Biotechnology) in accordance with the manufacturer\'s protocol. Cells (5×10^5^) were cultured with siR-β-catenin or cisplatin (80 nM) in 6-well plates for 24 h at 37°C to induce apoptosis and then detected with an annexin V-fluorescein isothiocyanate/propidium iodide kit (cat. no. C1062S; Beyotime Institute of Biotechnology). Cell cycle distribution (G1, S and G2/M fractions) and apoptosis ratio were detected on a flow cytometer using FACSDiva 6.0 software (BD Biosciences).

Apoptosis of BC cells
---------------------

The morphology of T47D and MCF-7 cells treated with siR-β-catenin or cisplatin was evaluated by staining the nuclei of apoptotic or living cells with Hoechst 33342. The treated T47D and MCF-7 cells (5×10^5^) were grown on 6-well plates, then fixed with 4% paraformaldehyde and PBS for 30 min at room temperature, rinsed with 0.1% Triton X-100 and PBS for 15 min at room temperature, and stained with Hoechst 33342 (10 mg/ml) in the dark for 15 min at room temperature. The stained cells were observed under a fluorescence microscope (magnification, ×200; Nikon Corporation). A total of five independent fields were randomly selected for determination of apoptosis ratio. All experiments were repeated three times.

Western blot analysis
---------------------

Cells transfected with either control siRNA or siR-β-catenin were cultured with or without cisplatin for 24 h. Subsequently, the cells were lysed with radioimmunoprecipitation assay lysis buffer (cat. no. P0013B; Beyotime Institute of Biotechnology) with protease and phosphatase inhibitors. Protein content was determined by a Bradford protein kit (cat. no. P0012S; Beyotime Institute of Biotechnology). The proteins (30 *µ*g/lane) were separated by 10% SDS-PAGE (cat. no. P0012A; Beyotime Institute of Biotechnology) and transferred onto PVDF membranes (EMD Millipore). Following blocking with 5% non-fat milk for 1 h at room temperature, the membranes were incubated overnight at 4°C with the following antibodies: Anti-β-catenin (cat. no. 17565-1-AP; 1:4,000; ProteinTech Group, Inc.), anti-c-Myc (cat. no. 10828-1-AP; 1:2,000; ProteinTech Group, Inc.), anti-cyclin D1 (cat. no. 26755-1-AP; 1:1,000; ProteinTech Group, Inc.), anti-caspase 3 (cat. no. 19677-1-AP; 1:600; ProteinTech Group, Inc.), anti-caspase 9 (cat. no. 10380-1-AP; 1:800; ProteinTech Group, Inc.) and anti-β-actin (cat. no. 20536-1-AP; 1:800; ProteinTech Group, Inc.), followed by horseradish peroxidase-conjugated AffiniPure donkey anti-rabbit IgG (H+L) (cat. no. SA00001-9; 1:4,000; ProteinTech Group, Inc.) at 4°C for 2 h. The band intensity was tested using ImageJ v.1.47 software (National Institutes of Health).

Statistical analysis
--------------------

All experiments were repeated 3 times. All data are expressed as mean ± standard deviation and were analyzed using SPSS 16 statistics software (SPSS, Inc.) and GraphPad Prism v.6 software (GraphPad Software, Inc.). The categorical data were assessed via χ^2^ or Fisher\'s exact test, while the continuous data were assessed using Mann-Whitney U test, Student\'s t-test, and one-way analysis of variance with Tukey\'s post hoc test. For analysis of paired data, a paired t-test was used for normally distributed data or Wilcoxon (signed ranks) test was used for skewed data. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

β-catenin is significantly upregulated in BC tissues and cell lines
-------------------------------------------------------------------

To determine whether the expression of β-catenin is altered in BC, the mRNA and protein expression levels of β-catenin in BC tissues and adjacent non-cancerous tissues were determined. As demonstrated in [Fig. 1A and B](#f1-ijmm-45-06-1838){ref-type="fig"}, β-catenin expression was significantly increased in BC tissues compared with that in adjacent non-cancerous tissues. Immunohistochemistry analysis of β-catenin expression *in situ* also revealed a significant increase of this protein in BC tissues compared with adjacent tissues ([Fig. 1C and D](#f1-ijmm-45-06-1838){ref-type="fig"}). The expression of β-catenin was also investigated in the 3 BC MDA-MB-468, T47D and MCF-7 cell lines, and the non-cancerous breast MCF-10A cell line. Similar to the *in vivo*results, the mRNA and protein expression levels of β-catenin were significantly increased in the MDA-MB-468, T47D and MCF-7 cells compared with that in the MCF-10A cells ([Fig. 1F and G](#f1-ijmm-45-06-1838){ref-type="fig"}). Taken together, the results indicated that β-catenin was upregulated in BC tissues and cell lines.

Expression of β-catenin is associated with poor prognosis in patients with BC
-----------------------------------------------------------------------------

To elucidate the clinical and prognostic significance of β-catenin in patients with BC, the samples were separated by median β-catenin expression, as determined by RT-qPCR, into high- and low-expression groups, and the median value was included in the high expression group. The expression of β-catenin was identified to be significantly associated with pathological stage (P=0.038) and lymph node status (P=0.024; [Table I](#tI-ijmm-45-06-1838){ref-type="table"}), but not with age, estrogen receptor status, human epidermal growth factor receptor-2 (HER-2) status or Ki67. These results indicated that the expression of β-catenin was associated with poor prognosis in BC.

BC cell viability is decreased by siR-β-catenin and cisplatin treatment
-----------------------------------------------------------------------

Following silencing of β-catenin expression in T47D and MCF-7 cells using siR-β-catenin, the transfected cells were cultured with different concentrations of cisplatin (0, 20, 40, 80 and 160 nM) for 24 h, and the effect of cisplatin on the viability of T47D and MCF-7 cells was analyzed by CCK-8 assays. The results revealed that cisplatin significantly inhibited the viability of T47D and MCF-7 cells in a concentration-dependent manner, with 160, 80 and 40 nM significantly inhibiting the viability of BC cells at 24 h compared with the control group (P\<0.05; [Fig. 2A and B](#f2-ijmm-45-06-1838){ref-type="fig"}). In addition, when the expression of β-catenin was knocked down in T47D and MCF-7 cells, these cells became more sensitive to the 80 nM cisplatin treatment, and cell viability was further decreased ([Fig. 2C-E](#f2-ijmm-45-06-1838){ref-type="fig"}).

Migratory and invasive capabilities of BC cells decreases following treatment with siR-β-catenin and cisplatin
--------------------------------------------------------------------------------------------------------------

T47D and MCF-7 cells were either treated with siR-β-catenin, cisplatin alone or in combination, and then cell migration was measured by Transwell assay, and cell invasion was measured by Matrigel-coated Transwell assay. The results demonstrated that both β-catenin knockdown and cisplatin treatment decreased the levels of cell migration and invasion. Furthermore, treatment with both siR-β-catenin and cisplatin further decreased the migratory and invasive capabilities of the T47D and MCF-7 cells, indicating that downregulation of β-catenin may enhance the antitumor effect of cisplatin ([Fig. 3A-H](#f3-ijmm-45-06-1838){ref-type="fig"}).

CD44 and CD54 expression in BC cells treated with siR-β-catenin and cisplatin
-----------------------------------------------------------------------------

CD54 and CD44 are implicated in the local invasion and metastasis of cancer cells and are significantly upregulated in various malignancies, including BC. The CD44 and CD54 protein expression levels in the T47D and MCF-7 cells treated with siR-β-catenin, cisplatin or in combination, was examined by flow cytometry ([Fig. 4A-D](#f4-ijmm-45-06-1838){ref-type="fig"}). CD44 and CD54 were identified to be overexpressed in the T47D and MCF-7 cells, but their expression was markedly suppressed in the cells treated with siR-β-catenin or cisplatin. Treatment with siR-β-catenin and cisplatin in combination significantly inhibited the expression of CD44 and CD54.

Treatment with the combination of siR-β-catenin and cisplatin regulated cell cycle progression of BC cells
----------------------------------------------------------------------------------------------------------

To investigate how siR-β-catenin or cisplatin treatment inhibited the growth of BC cells through cell cycle regulation, T47D and MCF-7 cells treated with siR-β-catenin or cisplatin were analyzed by flow cytometry. The numbers of T47D and MCF-7 cells treated with siR-β-catenin, cisplatin alone or in combination, were significantly increased in phase G1, but were markedly decreased in phases S and G2 ([Fig. 5A-D](#f5-ijmm-45-06-1838){ref-type="fig"}), indicating that cisplatin suppressed cell cycle progression in T47D and MCF-7 cells by silencing β-catenin *in vitro*.

Cisplatin induces apoptosis of BC cells treated with siR-β-catenin
------------------------------------------------------------------

Experiments on the viability of BC cells treated with cisplatin revealed the marked inhibitory effect exerted by cisplatin on T47D and MCF-7 cells. In order to investigate the role of β-catenin silencing on the apoptosis of BC cell lines, the apoptotic rates of T47D and MCF-7 cells treated with siR-β-catenin or cisplatin were detected using flow cytometry. It was observed that silencing of β-catenin with siRNA, cisplatin treatment or both in combination induced apoptosis of T47D and MCF-7 cells ([Fig. 6A-D](#f6-ijmm-45-06-1838){ref-type="fig"}). In addition, cisplatin treatment resulted in significantly increased levels of apoptosis in the T47D and MCF-7 cells treated with siR-β-catenin.

Apoptosis of T47D and MCF-7 cells treated with siR-β-catenin or cisplatin
-------------------------------------------------------------------------

As aforementioned, cisplatin may induce the apoptosis of T47D and MCF-7 cells and inhibit their migratory and invasive abilities. T47D and MCF-7 cells were treated with 80 nM cisplatin for 24 h and then stained using Hoechst 33258. The results demonstrated that T47D and MCF-7 cell apoptosis was induced by siR-β-catenin or cisplatin. In addition, siR-β-catenin transfection combined with cisplatin treatment induced apoptosis in the T47D and MCF-7 cells to a greater extent compared with the control and the other two treatment groups ([Fig. 7A-D](#f7-ijmm-45-06-1838){ref-type="fig"}). *β-catenin signaling pathway and apoptosis-associated proteins are regulated by treatment with cisplatin and siR-β-catenin in combination.*The aforementioned data indicated that the combination of cisplatin and siR-β-catenin markedly inhibited the migration and invasion levels of BC cells, as demonstrated by the results of the Transwell assays, and induced apoptosis in the BC cells. The expression levels of the signaling pathway proteins β-catenin, c-Myc and cyclin D1 were analyzed by western blot analysis, and were identified to be significantly suppressed in the MCF-7 cells ([Fig. 8A and B](#f8-ijmm-45-06-1838){ref-type="fig"}). In addition, the apoptosis-associated proteins caspase-3 and caspase-9 were markedly increased in the MCF-7 cells ([Fig. 8C and D](#f8-ijmm-45-06-1838){ref-type="fig"}).

Discussion
==========

As a key adhesion factor and modulator in the Wnt pathway, β-catenin is closely associated with the initiation and progression of BC ([@b27-ijmm-45-06-1838]). In the present study, β-catenin was identified to be overexpressed in BC tissues and BC cell lines, including T47D and MCF-7. In addition, β-catenin expression was closely associated with the pathological stage and lymph node status of patients with BC. Recent evidence indicated that the Wnt/β-catenin pathway participates in cisplatin resistance via the modulation of β-catenin ([@b28-ijmm-45-06-1838]). The expression level of β-catenin was identified to be increased in patients with oral squamous cell carcinoma (OSCC) undergoing cisplatin chemotherapy, as confirmed in human OSCC cell lines following cisplatin treatment ([@b29-ijmm-45-06-1838]). The results of the present study demonstrated that the viability of T47D and MCF-7 cells decreased initially in a concentration-dependent manner following cisplatin treatment. However, with subsequent increases in cisplatin concentration, the viability of BC cells was not additionally significantly affected.

As described previously, the knockout of β-catenin by siRNA increased the apoptosis of cisplatin-treated ovarian cancer cells *in vivo*, and tumor growth was largely inhibited in the β-catenin shRNA group *in vitro*, suggesting that β-catenin is a potential target for the treatment of cisplatin-resistant ovarian cancer ([@b24-ijmm-45-06-1838]). However, following β-catenin expression silencing, the viabilities of the T47D and MCF-7 cells were markedly inhibited. In addition, cisplatin markedly suppressed the migration and invasion levels of T47D and MCF-7 cells treated with siRNA-β-catenin.

CD44, a member of the family of cell adhesion molecules that serves a role in cell adhesion, is largely involved in the intracellular signaling regulating cell growth, division and mobility, and modulates several key pathways, including the PI3K/AKT, Rho GTPases and Ras-MAPK pathways ([@b30-ijmm-45-06-1838]). The CD44-stimulated BC cell invasion and CD44 expression were identified to be associated with patient prognosis ([@b31-ijmm-45-06-1838]). CD54 is an immunoglobulin glycoprotein on the cell surface that acts as an intercellular adhesion molecule, and is implicated in diverse inflammatory response and immune reactions ([@b32-ijmm-45-06-1838],[@b33-ijmm-45-06-1838]). CD54 upregulation promotes the migration and invasion potential of BC cells ([@b34-ijmm-45-06-1838]). In addition, the inhibition of CD54 by siRNA markedly suppresses the invasive ability of BC cells ([@b35-ijmm-45-06-1838]). It was previously reported that the upregulated level of CD54 is indicative of a worse phenotype and prognosis in patients with BC ([@b36-ijmm-45-06-1838]). In the present study, when the β-catenin expression in T47D and MCF-7 cells was silenced, cisplatin treatment markedly decreased the expression levels of CD44 and CD54.

Accumulation of nuclear β-catenin led to the increased expression levels of the downstream target genes c-Myc and cyclin D, which are reportedly overexpressed in cisplatin-resistant cells ([@b37-ijmm-45-06-1838]). The abnormal expression of downstream target genes may inhibit tumor cell division and enhance their ability to develop cisplatin resistance and survive ([@b38-ijmm-45-06-1838]). The present study identified that knockdown of β-catenin in the T47D and MCF-7 cells decreased the expression levels of the c-Myc and cyclin D proteins, which re-sensitized the cells to cisplatin. In addition, the levels of the apoptotic proteins caspase-3/9 increased significantly in the T47D and MCF-7 cells treated with both siR-β-catenin and cisplatin. Caspase-3/9 belong to the caspase family, two of the six families of proteases that have important functions in normal development as well as pathological conditions ([@b39-ijmm-45-06-1838]). Caspase-3 is a key enzyme in the execution of apoptosis ([@b40-ijmm-45-06-1838]), and caspase-9 is the initiator of the internal or mitochondrial apoptotic pathway, which is triggered by multiple protein activation factors ([@b41-ijmm-45-06-1838]).

The resistance to cisplatin may be explained by several mechanisms, such as the initiation of DNA repair and prevention of DNA mismatch repair, the lower cisplatin intake and accumulation, several cell signaling molecules and pathways, and apoptosis suppression and minor apoptotic reaction ([@b42-ijmm-45-06-1838]). The data from the present study demonstrated that cisplatin markedly induced apoptosis in the T47D and MCF-7 cells treated with siR-β-catenin, as verified by flow cytometry and immunofluorescence analyses. These results highlight the important role of β-catenin in cisplatin resistance in BC. Previous studies have demonstrated that multiple pathways are associated with cisplatin resistance. In addition to the Wnt/β-catenin pathway, the EGFR/HER-2 and MAPK/ERK signaling pathways may also be involved ([@b18-ijmm-45-06-1838],[@b43-ijmm-45-06-1838]). Although beyond the scope of the present study, it would be worthwhile to examine whether the downregulation of these pathways may also contribute to reversing cisplatin resistance.

In conclusion, the overexpression of β-catenin was identified to be associated with cisplatin resistance in BC cells, and the downregulation of β-catenin promoted cisplatin sensitivity, increasing treatment effectiveness. However, the exact molecular mechanism and clinical importance of these data require further investigation.
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Expression of β-catenin in BC tissues and cell lines. The expression of β-catenin was determined in 32 paired BC tissues at the (A) mRNA and (B) protein levels were determined by RT-qPCR and western blot analysis, respectively. (C) The expression of β-catenin was analyzed in BC tissues by immunohistochemistry. Magnification, ×200. (D) Score analyses of the immunohistochemistry results (n=32 vs. 32). The expression levels of β-catenin in the BC MCF-10A, MDA-MB-468 and T47D cell lines and MCF-7 cells at the (E) mRNA and (F and G) protein levels were determined by RT-qPCR and western blot analysis, respectively. All data are presented as the mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. adjacent tissues or normal cells MCF-10A. BC, breast cancer; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.
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![Viability of BC cell lines and the expression of β-catenin are regulated by cisplatin and siRNA interference. The viability of (A) T47D and (B) MCF-7 cells was inhibited by cisplatin at different concentration (20, 40, 80 and 160 nM) determined by CCK-8 assays for 24 h. (C) MCF-7 cells were either not transfected or transfected with control siRNA or siR-β-catenin. At 24 h post transfection, cells were lysed and β-catenin expression was determined by western blot analysis. The viability of (D) T47D and (E) MCF-7 cells was suppressed by the combination of cisplatin (80 nM) and siR-β-catenin for 24 h. Each sample was analyzed in triplicate and was normalized to the control. All data are presented as mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. BC, breast cancer; siRNA, small interfering RNA.](IJMM-45-06-1838-g02){#f2-ijmm-45-06-1838}
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Migration and invasion abilities of BC cells are suppressed by combined treatment with cisplatin and siR-β-catenin. The migratory abilities of (A and B) T47D cells and (C and D) MCF-7 cells treated with cisplatin and siR-β-catenin was evaluated using Transwell assays. The invasive ability of (E and F) T47D cells and (G and H) MCF-7 cells treated with cisplatin and siR-β-catenin was determined using Transwell assays. All data are presented as the mean ± standard error of the mean of 3 independent experiments. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. BC, breast cancer; siRNA, small interfering RNA.
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Expression levels of CD44/54 in BC cells are analyzed by flow cytometry. (A) T47D cells treated with cisplatin, siR-β-catenin and the combination of cisplatin and siR-β-catenin were analyzed by FACS and the fluorescence intensities of CD44/CD54 were obtained. (B) Statistical analysis of the expression of CD44/CD54 in T47D cells. (C) The expression of CD44/CD54 in MCF-7 cells treated with cisplatin, siR-β-catenin and the combination of cisplatin and siR-β-catenin were analyzed by FACS. (D) Statistical analysis of the expression of CD44/CD54 in MCF-7 cells. All data are presented as mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. BC, breast cancer; siRNA; small interfering RNA; CD44, CD44 antigen; CD54, intercellular adhesion molecule 1.
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###### 

Cell cycle distribution of BC cells treated with the combination of cisplatin and siR-β-catenin detected by flow cytometry. (A) The cell cycle distribution of T47D cells treated with cisplatin, siR-β-catenin and the combination of cisplatin and siR-β-catenin was determined by flow cytometry. (B) Statistical analysis of the cell cycle analysis results of T47D cells. (C) The cell cycle distribution of MCF-7 cells treated with cisplatin, siR-β-catenin and the combination of cisplatin and siR-β-catenin was determined by flow cytometry. (D) Statistical analysis of the cell cycle analysis results of T47D cells. All data are presented as mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. BC, breast cancer.
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###### 

Cisplatin- and siR-β-catenin-induced apoptosis of BC cells is measured using flow cytometry. (A) T47D cells treated with cisplatin, siR-β-catenin and the combination of cisplatin and siR-β-catenin were examined by flow cytometry. (B) Statistical analysis of apoptosis assay results in T47D cells. (C) The levels of apoptosis in MCF-7 cells treated with cisplatin, siR-β-catenin and the combination of cisplatin and siR-β-catenin was determined by flow cytometry. (D) Statistical analysis of apoptosis assay results in MCF-7 cells. All data are presented as mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. BC, breast cancer; siRNA, small interfering RNA.
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###### 

Levels of apoptosis in BC cells induced by treatment with cisplatin and siR-β-catenin in combination are analyzed using Hoechst 33258 staining. (A and B) Apoptosis was significantly increased in T47D cells treated with the combination of cisplatin and siR-β-catenin. (C and D) Apoptosis was significantly increased in MCF-7 cells treated with the combination of cisplatin and siR-β-catenin. Nuclear morphological changes were observed under a fluorescence microscope. All data are presented as mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001, vs. control. BC, breast cancer; siRNA, small interfering RNA.
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![Proteins of the β-catenin signaling pathway and apoptosis-associated proteins are regulated by treatment with cisplatin and siR-β-catenin in combination. (A) The expression levels of signaling pathway proteins β-catenin, c-Myc and cyclin D1 were suppressed by the combination of cisplatin and siR-β-catenin in MCF-7 cells. (B) Statistical analysis of the expression levels of β-catenin, c-Myc and cyclin D1 in MCF-7 cells. (C) The levels of apoptosis-associated proteins caspase-3 and caspase-9 were increased by the treatment of combination of cisplatin and siR-β-catenin in MCF-7 cells. (D) Statistical analysis of caspase-3 and caspase-9 expression in MCF-7 cells. All data are presented as mean ± standard error of the mean. ^\*^P\<0.05, ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. control. BC, breast cancer; siRNA, small interfering RNA; c-Myc, MYC proto-oncogene, BHLH transcription factor.](IJMM-45-06-1838-g13){#f8-ijmm-45-06-1838}

###### 

Association between clinicopathological factors and the expression of β-catenin.

  Clinicopathological factor   No. of patients (n=32)   Expression of β-catenin   P-value   
  ---------------------------- ------------------------ ------------------------- --------- -------
  Age, years                                                                                0.086
   \<56                        20                       11                        9         
   ≥56                         12                       7                         5         
  Pathological stage                                                                        
   I+II                        18                       12                        6         0.038
   III+IV                      14                       8                         6         
  Lymph node status                                                                         
   Negative                    16                       10                        6         0.024
   Positive                    16                       8                         8         
  ER status                                                                                 
   Negative                    12                       7                         5         0.063
   Positive                    20                       8                         12        
  HER-2 status                                                                              0.051
   Negative                    14                       8                         6         
   Positive                    18                       10                        8         
  Ki-67                                                                                     0.071
   \<15%                       15                       7                         8         
   ≥15%                        17                       8                         9         

P-values were calculated by Fisher\'s exact test, Student\'s t-test, χ^2^ test and Mann-Whitney U tests. ER, estrogen receptor; PR, HER-2, human epidermal growth factor receptor 2; Ki-67, proliferation marker protein Ki-67.
